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Abstract: The concentrated dry bands on many silicone rubber insulators and also on porcelain 
insulators were observed by means of termovision camera. The lightning impulse flashover 
voltage on clean and polluted traction insulators was measured. The solid layer or flow-on layer 
were applied. The solid layer was wetted by moisture absorption from very humid air. At the same 
value of ESDD the flashover voltage was smaller on insulators polluted by the solid layer. This 
effect is unexpected because at the same ESDD value the solid layer surface conductivity is 
smaller than the surface conductivity of the flow-on layer. The phenomenon could be explained by 
an easier and quicker arc propagation over the solid layer. 
 
 
1. INTRODUCTION 
Under heavy pollution and under the operating power 
frequency voltage the electrical strength of insulators 
can be about five times smaller than that of clean 
insulators. Therefore, under very heavy contamination 
the specific leakage distance should be longer than 3,1 
cm/kV.  Environmental contamination is therefore a 
very important factor for selecting and dimensioning of 
outdoor insulation. This problem is still a subject of 
many theoretical and experimental studies.  
The considerable fall of industrial dust emission in 
Poland since 1980s has caused that the probability of 
pollution flashovers under operating voltage is very 
low [1]. However, many disturbances occur on power 
distribution lines and on railway 3 kV DC traction 
lines. One of a few reasons are flashovers due to direct 
or close lightning strokes with the concurrent over-
voltages [2]. Most procedures used for calculation of 
lightning induced flashovers do not take into account 
the insulators contamination and the related decrease of 
their electrical strength. Therefore, the calculated 
number of 600 lightning induced flashovers of (clean) 
insulators at railway DC traction in Poland can in fact 
be higher [2]. 
The investigation carried out in 1960s and 1970s 
revealed that under heavy pollution switching flashover 
voltage decreases twice, a bit smaller fall was found for 
lightning flashover voltages [3]. The impulse flashover 
voltage of polluted, wet insulators is smaller than the 
impulse flashover voltage of polluted dry insulators. 
Therefore, the simultaneous occurrence of over-voltage 
waves and wetting is very important. Under operating 
voltage, the most dangerous conditions take place at 
nearly totally moisturized pollution layer. It is possible 
under intensive condensation, dense fog or drizzle. 
Under high air humidity only, moisturising of insulator 
by moisture absorption is smaller. Therefore, the 50 Hz 
flashover voltage in humid air is twice – 3 times higher 
than the flashover voltage under very intensive wetting 
in the form of clean or steam fog [4]. 
In this paper it was shown that under lightning 
impulses the flashover voltage of insulators depends 
not only on the equivalent salt deposit density ESDD 
but also on the water deposit density. The well known 
fact was confirmed that the lightning flashover voltage 
of uniformly polluted rod insulators with a continuous, 
moist layer (without dry bands) can be similar to the 
flashover voltage of clean insulators. Under lightning 
impulses, the performance of contaminated insulators 
is considerably different from their performance under 
the 50 Hz operating voltage. 
The air humidity before the thunderstorm is usually 
very high, most often it starts to rain before the first 
lightning. The lightning sometimes occurs without 
simultaneous rain precipitations. The non-standard 
wetting procedure used in this research was employed 
earlier for study the performance of surge arresters [5] 
and cap and pin insulators [6]. During the described 
test the pollution layer is wetted by the moisture 
absorption from humid air. 
 
2. CONCENTRATED DRY BANDS 
The lightning flashover voltage of insulators with dry 
bands formed under the operating voltage is lower than 
the flashover voltage of insulators with continuous 
pollution layers. The flashover under the operating 
voltage is always preceded by the formation of dry 
bands. Therefore, such an important mechanism of dry 
band formation was studied years ago. Drying of 
pollution layer was investigated usually on insulator 
models [7]. 
The pollution layer can absorb moisture from the 
humid air. This process accelerates when the air 
humidity exceeds the characteristic value, at which the 
salt contained in the pollution layer starts to absorb the 
moisture [8]. Single dry bands on outdoor insulators 
are often formed close to high voltage terminals 
because of the highest electrical field near these 
electrodes [9]. As a result, the temperature at the high 
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voltage terminals of long rod insulators can be a few 
grades higher than the ambient temperature. 
 This phenomenon was observed in different countries 
[9] and at Bukowno 110 kV substation in Poland in 
February 2008. The inspection of composite insulators, 
installed two years ago, showed that the temperature at 
high voltage terminals was about 5 – 7°C higher on 
practically all insulators (over 100 pieces, Figure 1a). 
Similar colour thermal images were observed for 
porcelain long rod insulators (Figure 1b). The 
phenomenon of concentrated dry band is possible on 
silicone insulators because the hygroscopic properties 
of pollutants on silicone rubber can be similar to that 
on porcelain insulators.  In spite of hydrophobization 
of pollutants deposited on silicone rubber they are still 
able to absorb moisture from humid air [10]. 
 
                                                a 
 
                                          b 
Figure 1: The warm spots on insulators at Bukowno 
substation,  a – composite insulators,   b – porcelain 
insulators. 
The formation of concentrated dry bands and 
discharges can be responsible for surface degradation 
of heavy polluted composite insulators and additionally 
for the decrease of impulse flashover voltage. Previous 
works were limited mainly to investigation of pollution 
performance of ceramic insulators under impulse 
voltages. There are only a few papers describing the 
behaviour of composite insulators under such 
conditions. 
3. OBJECTS AND RESEARCH PROCEDURE 
The experiments were carried out with a porcelain 
traction insulator LT40 K and with a prototype 
composite rod insulator without sheds with a diameter 
of 1, 7 cm. The insulator mentioned as the second one 
is used at railways 3 kV DC traction for separating of 
two line sections. Both insulators are shown in Figure 2 
and their dimensions are given in the Table 1. Marx 
generator 500 kV, 2,2 kJ, a capacitive-resistive divider 
manufactured by TUR Dresden and the peak voltmeter 
SV 642 from Haefely company were used for 
generating and measuring of lightning impulses 1,2/50 
µs.  
Table 1: Dimensions of insulators. 
 
 LT40K 
insulator 
Composite 
rod 
Leakage distance cm 25 50 
Shed diameter cm 13,4 - 
Shank diameter cm 6 1,7 
Number of sheds  2 - 
 
  
Figure 2: Research objects. a – insulator LT40 K,  b – 
rod insulator 
The insulators were tested in a cylindrical tent made of 
polyethylene foil with a diameter of 1,3 m and the 
height of 2 m (Figure 3). The impulse voltage was 
delivered to the top terminal of vertically hung 
insulators. The round bathtub on the floor was filled 
with the tap water. As a result, air humidity in the tent 
increased after one hour to the value close to 100%. 
The insulators were hung in the tent and the test started 
after one and a half hour. The 50% flashover voltage 
was measured according to the serial method. The 
impulse amplitudes between successively series 
differed one from another by 2 – 3%. The solid layer, 
consisting of kaolin and the table salt, absorbs the 
moisture in the humid air. The water quantity in the 
range of 0,1 mg/cm2 is big enough to cause 
considerable increase of surface conductivity and small 
so much that the pollution layer is not washed-off. 
Therefore, the polluted insulator can be tested in the 
humid air for a long time with many impulses applied. 
After the estimation of 50% flashover voltage, the 
surface conductivity was measured by means of a rod 
probe [11], then the ESDD was measured according to 
the procedure described in [12]. 
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 Figure 3: pollution tent 
The insulators were also contaminated according to 
flow-on method. The similar kaolin suspension as for 
solid layer was used. In this case the contaminated, wet 
insulators were hung in the tent and after three minutes 
a serial of impulses was applied. The pollution layer 
does not dry up in the air humidity of 100% and that is 
why ten  impulses were applied before the insulator 
was cleaned and polluted again. On each insulator and 
on each pollution layer, a clean, 2,5 cm width band was 
left opposite to high voltage terminals. This band 
models a dry band which is formed under the operating 
voltage. 
4. TEST RESULTS 
The 50% positive flashover voltages of LT40 porcelain 
insulator as a function of ESDD are shown in Figure 4. 
For this insulator, two pollution characteristics were 
measured for the flow-on layer and two characteristics 
for the solid layer. The results of flashover 
measurements are not repeatable. When the 
measurements are repeated for the same ESDD and 
according to the same contamination procedure, both 
flashover voltages can differ up to 30 kV. Additionally, 
the pollution characteristics have different shapes. 
Repeating measurement we can get hyperbole, a 
straight line or a zigzag line. For light contamination 
(ESDD = 6 µg/cm2) the flashover voltage can only be a 
few kV or even 30 kV lower than the flashover voltage 
of clean insulators. However, under heavier pollution 
(ESDD > 50 µg/cm2 ) the electrical strength decreases 
twice. 
During the first series of measurements, the flow-on 
pollution layer was built by dipping the insulator in the 
kaolin suspension. Next, the wet layer were wiped out 
by means of a cloth creating a dry zone 2,5 cm width. 
The inclination of pollution characteristics of such a 
prepared insulator is very small (the empty squares in 
Figure 4). During the second series of measurements 
the flow-on pollution layer was carefully brushed on 
the surface leaving a clean band with the same width at 
the high voltage terminal. The appointed pollution 
characteristics for this contamination procedure is 
zigzag shaped with a greater inclination (the empty 
triangles in figure 4).  The third and fourth series were 
carried out with LT40K insulator contaminated 
according to  a solid layer method. The insulator was 
dipped in the kaolin suspension and then cleaned near 
the high voltage flange. Before the fourth series of 
measurements the pollution layer was carefully 
brushed on the surface leaving the clean band. The 
pollution characteristics with solid layers are 
respectively marked in Figure 4 as black triangles or 
black squares. These experiments show how important 
is the condition of dry band. 
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Figure 4: Pollution characteristics of porcelain 
insulator LT40K measured under positive lightning 
impulses and contaminated according to flow-on or 
solid layer method. 
After a breakdown of a clean band situated at the high 
voltage flange, the discharge develops along the upper 
surface of the shed. If the insulator is lightly polluted, 
the electrical spark burns in the air from the upper shed 
rim up to the bottom flange (Figure 5a). Under heavy 
pollution the discharge burn along the insulator surface 
(Figure 5b). At medium pollution (ESDD ≅ 30 µg/cm2) 
different discharge modes can be observed. 
  
Figure 5: Flashovers on the porcelain insulator 
LT40K, a – flow-on method, ESDD=7 µg/cm2, b – 
solid layer method, ESDD=50 µg/cm2. 
The negative lightning flashover voltage of a clean 
insulator is higher than that with positive polarity. 
These values measured for LT40K insulator in relative 
humidity of 100% amounted respectively, -185 kV and 
+145 kV. In the humidity of 50% these differences 
were considerably bigger: - 205 and +135 kV. 
However, very small differences were found for 
positive and negative flashover voltages under polluted 
conditions. The greater difference was noted for 
LT40K insulator under light pollution with ESDD = 12 
µg/cm2. In this case the negative flashover voltage was 
20 kV higher than the positive voltage. 
The clean, 2,5 cm wide band was also built at high 
voltage terminal of a composite rod insulator. Two 
series were carried out with flow-on layers and two 
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series with the solid layers. They showed, that the 
results are repeatable. However, there are visible 
differences between results of the flow-on method and 
the solid layer method. The flashover voltages for these 
two contamination types are similar only for the 
smallest pollution (ESDD = 9 µg/cm2 , Figure 6). For 
heavier pollution the electrical strength of a rod 
insulator, polluted according to flow-on method, is 
considerably higher. Under negative impulses these 
differences reached 100 kV (Figure 7). The shape of 
pollution characteristics for a solid layer is hyperbolic 
but linear for the flow-on layer. The measurements of 
surface conductivity carried out after the voltage tests 
confirmed that the solid layer on silicone rubber has 
the same hygroscopic properties like the solid layer on 
glazed porcelain [10]. It means that under high 
humidity conditions, the hydrophobic properties of 
silicone rubber are not important. 
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Figure 6: Pollution characteristics of a rod composite 
insulator under positive lightning impulses. 
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Fig. 7: Pollution characteristics of a rod composite 
insulator under negative lightning impulses. 
5. DISCUSSION 
The continuous pollution layer is able to prevent the 
discharge development when the voltage impulse is 
short. Under such conditions the flashover voltage of 
polluted insulators can even be higher than the 
flashover voltage of clean insulators because the 
continuous layer aligns the voltage distribution. The 
flow-on layer used in our experiments had the 
thickness of 0,004 cm and contained about 4 mg of 
water per 1 cm2. This is about 20 times more than in 
the case of a solid layer which absorbs moisture from 
humid air. The flow-on layer on a rod insulator (from 
the rim of the clean band to the grounding terminal) 
was nearly uniform. Contrary to this, the solid layer on 
a rod insulator, which was initially dry and then 
moisturised in the humid air for over 1,5 hours was 
non-uniform. This supposition results from the 
observation of a few arcs on the rod insulator (Figure 
8a). A single discharge usually developed along the 
flow-on layer (Figure 8b). It is known that under 
switching impulses, the electrical strength of 
contaminated insulators decreases with the number of 
discharges along the leakage distance because total 
velocity of a few arcs is higher than the velocity of one 
arc [13]. The same rule is probably valid for lightning 
impulses. 
   
Figure 8: The discharges on a rod composite insulator,  
a – a solid layer with a small amount of water, b –  a 
flow-on layer with a lot of water. 
 
The flashover voltage of a clean band is practically the 
same for both types of pollution layers. However, in 
the case of the flow-on layer, the discharge does not 
elongate but burns over the clean band. The arc 
propagation starts only when higher voltage is applied. 
It seems that this characteristic discharge propagation 
inability and not only different discharge velocity 
causes such big differences in flashover voltages 
betwee both pollution layers. The influence of 
pollution layer thickness or water deposit density on 
the impulse performance of polluted insulators should 
be studied in the future. Previous works investigated 
the influence of air humidity on the flashover voltage 
of clean insulators [14] or the pollution flashover 
voltage under very intensive wetting (salt fog/steam 
fog). 
 
It is known that the surface conductivity estimated 
from the current measurement is not an appropriate 
parameter of pollution severity for non-uniformly 
contaminated insulators. The surface conductivity on 
the LT40K insulator was non-uniformly distributed. 
The insulator was dipped in kaolin suspension, dried 
and then hung in the humid air. The surface 
conductivity on the sheds was greater than on the 
shank. The surface conductivity calculated from the 
current measurement depends very strongly on the 
smallest spot surface conductivity. Therefore, the 
pollution flashover voltages in Figures 4, 6 and 7 were 
shown as functions of ESDD. ESDD represents an 
average value of surface contamination. 
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The equations below show the relation between the 
flashover voltage and parameters of pollution severity 
on a rod insulator. In high humidity, the positive 
impulse flashover voltage U can be described as the 
following function of surface conductivity κS or ESDD. 
 
 
                           κ
3,0−
⋅=
S
330U p                   (1) 
 
                        ESDDU P
35,063 −⋅=               (2) 
 
Where: UP is measured in (kVmax), κS in (µS) and 
ESDD in (mg/cm2).  
 
The rod insulator has the length of 50 cm. Therefore, 
the electrical field at flashover is the following 
function:  
 
                        
3,06,6 −⋅= sE κ                     (3) 
 
The 50 Hz flashover voltage (measured in kVmax) of a 
cylindrical insulator polluted according to  flow-on 
method is about 3 times smaller. This results from the 
equation given by Juergen Pilling [15] 
 
                         
25,02 −⋅= sE κ                     (4) 
 
The impulse flashover voltage of a rod insulator 
polluted according to a flow-on method is similar to 
the flashover voltage of water stream with the diameter 
of 3 mm. In both cases, for the unit surface resistance 
of rp = 20 kΩ/cm the electrical strength of 5 kV/cm was 
found [16]. Such strength have insulators with thick 
pollution layers, with high water deposit density. The 
electrical strength of a thin pollution layer is smaller. 
For ESDD = 0,08 mg/cm2 the flashover voltage of a 
rod insulator coated by a flow-on layer is equal to 250 
kV (5 kV/cm, fig. 5). At the same ESDD, the flashover 
voltage of insulator with a solid layer is considerably 
smaller and equal to 145 kV (2,9 kV/cm). 
The opposite performance is observed under the 
operating voltage. In this case the flashover voltage of 
thin layers is higher than the flashover voltage of thick 
layers [17]. 
6. CONCLUSION 
The lightning flashover voltage of polluted insulators 
can be twice smaller than that of clean insulators.  
In humid air, the lightning flashover voltage of an 
insulator which was contaminated according to the 
solid layer method is considerably smaller than the 
flashover voltage of  insulator which was contaminated 
according to the flow-on method but with the same 
value of ESDD. 
 
The smaller flashover voltage of insulator with the 
solid layer in very humid air is caused by ignition of a 
few discharges which have greater total propagation 
velocity than the speed of a single arc. 
 
Higher flashover voltage for flow-on layer is probably 
caused by the characteristic inability of discharge to 
start the process of elongation. 
 
The influence of pollution layer thickness (water 
deposit density) on the impulse flashover voltage 
should be studied in the future. 
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